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Abstract: Seagrass beds are considered essential habitats, because they provide food and
refuge for a variety of organisms, and they also deliver ecosystem services such as sediment
stabilization and carbon sequestration. Seagrass communities worldwide are under threat
from a variety of human impacts like eutrophication, dredging, and climate change, but
they are also facing threats from non-native species. As a critical primary producer, grazing
on seagrass provides a fundamental trophic link to higher level consumers. The bucktooth
parrotfish (Sparisoma radians) is a dominant herbivore of seagrasses in tropical and sub
tropical marine systems. In St. John, United States Virgin Islands, field and laboratory
experiments were conducted to assess the herbivory potential of S. radians on the dominant
seagrass species present by assessing the number of bites present on seagrass blades and
the surface area consumed. Grazing on native turtle grass, Thalassia testudinum, and the
invasive seagrass, Halophila stipulacea, was observed and quantified through a series of
tethered seagrass experiments and field in situ quantification. In situ (quadrat) sampling
showed that both species of seagrass were consumed by S. radians. However, it is clear
that T. testudinum was preferred over the invasive, H. stipulacea. Grazing was also higher
on both species in mixed beds rather than in monospecific seagrass beds. Laboratory choice
feeding experiments were conducted and confirmed that S. radians fed on both T.
testudinum and H. stipulacea, with the native seagrass being consumed significantly more
based on surface area. Similarly, field tethering experiments results indicate that S. radians
actively grazes on both T. testudinum and H. stipulacea, but T. testudinum is significantly
preferred. Data also suggests that grazing was lower during July 2016, possibly as a result
of the invasion of H. stipulacea. As such, the expansion of the invasive H. stipulacea may
have cascading impacts in tropical systems because it is a less preferred food source for an
important herbivore in the community. Therefore, understanding the expansion and trophic
support of this invasive species in critical for management of these coastal communities.
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1. Introduction
Coastal marine ecosystems are some of the most productive in the world. Within
coastal ecosystems seagrass beds are critical areas that provide structure acting as habitat
and refuge for juvenile and adult organisms (Nagelkerken et al., 2000; Beck et ah, 2001;
Heck et ah, 2008). They also provide ecosystem services such as sediment stabilization,
nutrient cycling, wave buffering and carbon sequestration (Short and Wyllie-Echeverria,
1996; Duarte et ah, 2005; Duffy, 2006). Additionally, seagrass biomass is a major food
source for many marine organisms, both directly through grazing and indirectly through
detrital pathways (Short and Wyllie-Echeverria, 1996). As such, seagrass primary
production is an important aspect of seagrass community ecology, where herbivores play
a key role as they control aboveground biomass growth and can influence trophic structures
in the community (Porter, 1973; Short and Wyllie-Echeverria, 1996; Valentine and Heck,
1999). Herbivores can control epiphyte growth on seagrass blades, which positively
influences the growth of seagrasses by increasing their exposure to light (Hays, 2005) and
at the same time contribute to food webs through ingestion of epiphytic algae and
converting it to secondary production (Duffy, 2006; Heck et al., 2008). Herbivores can also
create a trophic link between seagrass beds and nearby habitats like mangroves and coral
reefs (Nagelkerken et al., 2000; Hyndes and Lavery, 2005; Heck and Valentine, 2006, Heck
et al., 2008). However, foraging behavior, grazing patterns and food selection can be
difficult to determine and can vary depending on seagrass species present, patch size,
proximity to reefs and other habitats (Lewis and Wainwright, 1985).
In tropical Caribbean waters, several native seagrass species provide these
ecosystem services and include Thalassia testudinum (Banks ex Koenig, 1805),
8

Syringodium filiforme (Kutzing, 1860), and Halodule wrightii (Ascherson, 1969).
Thalassia testudinum (turtle grass), is a particularly important seagrass in the tropics
because it is the competitive dominant and it supports higher animal species diversity and
herbivory than other macrophytes (Mariani and Alcoverro, 1999; Heck and Valentine,
2006). The bucktooth parrotfish, Sparisoma radians (Valenciennes, 1871) can be found
living within T. testudinum beds and is one of the most important grazers of this seagrass
(Zieman et al., 1984; Kirsch et al., 2002; Holzer et al., 2013). Sparisoma radians is also
known to graze on various seagrass species and macroalgae, like Halimeda incrassata (J.V.
Lamouroux, 1816), however, their preferred food source is T. testudinum, which
constitutes about 88% of their diet (Randall, 1965; Lobel and Ogden, 1981). These fish
consume both epiphytized and non-epiphytized T. testudinum as a preferred food source
over the other macrophytes, although epiphytized blades are ultimately preferred (Lobel
and Ogden, 1981). Holzer et al. (2013) indicated that S. radians will “scallop” the edges
of turtle grass blades during herbivory, or biting the edges with their crescent shaped bite
marks. Despite deterrents like tough blades and a composition of mostly structural carbons
and tannins, S', radians preferentially consumes T. testudinum as its strong jaws and
alkaline stomachs allow for proper digestion of the plant (McMillan et al., 1980; Lobel,
1981; Goeker et al., 2005). These fish have a fused beak and a pharyngeal mill; two
structures which allow them to consume carbon-rich macrophytes, like T. testudinum
(Holzer et al., 2013), including older leaves, covered in calcareous epiphytes (Lobel and
Ogden, 1981; Montague et al., 1995; Kirsch et al., 2002). As S. radians has evolved with
the local flora, changes to the plant communities may interfere with trophic pathways and
potentially impact their populations.
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Unfortunately, these essential systems are highly threatened by increases in human
activity (Orth et al., 2006). In particular, seagrass beds face increased local degradation
from humans by urbanization leading to elevated nutrients and reduced light, and global
anthropogenic impacts like CO2 emissions leading to climate change (Orth et al., 2006).
Not only do these activities result in direct and indirect impact to marine habitats, but
tourism and boating activity may directly damage seagrass beds and other essential habitats
like coral reefs and mangroves. These threats are often compounded by limited, ineffective,
or absentee management policies and enforcement. Another factor that can highly impact
coastal systems are the introduction of non-native species.
Specifically, one invasive plant of concern is Halophila stipulacea, an invasive
seagrass that has been introduced to parts of the Caribbean in the last decade. Halophila
stipulacea is native to the Red Sea, and the Indian Ocean, and can be seen as far as Eastern
Africa and Madagascar (den Hartog, 1977; Gambi et al., 2009; Willette and Ambrose,
2009). In addition to being an invasive to the Caribbean, this seagrass has also been
documented as an invasive in the Mediterranean Sea (Gambi et al., 2009; Vera et al., 2014).
However, its introduction to the Caribbean is considered one of the first trans-oceanic
movements of seagrass, and it is suspected that H. stipulacea was transferred by boat
activity to the Western Caribbean (Ruiz and Ballantine, 2004; Gambi et al., 2009; Willette
and Ambrose, 2009; Willette et al., 2014). This seagrass was first recognized when it
appeared in Grenada, West Indies in the early 2000s (Ruiz and Ballantine, 2004; Willette
and Ambrose, 2009). It is continuing to spread throughout the Caribbean and can be seen
in areas such as Martinique, St. Lucia, Bonaire, St. Eustatius, St. Martin and St. John. In
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St. John, H stipulacea has been seen along the north side of the island in Mennebeck Reef,
Haulover Reef, Leinster Bay and Hurricane Hole (Willette et al., 2014).
This invasive macrophyte is very tolerant to a broad range of salinity and can grow
in deep water due to its tolerance to low light conditions (Lipkin, 1979; Willette and
Ambrose, 2012; Vera et al., 2014). Halophila stipulacea also has the ability to grow in very
deep and very shallow water, giving it a much larger range of tolerated conditions than
other marine plants (Lipkin, 1979; Ruiz and Ballantine, 2004). It’s ability to expand rapidly
by vegetative reproduction increases its likelihood to ecologically dominate unvegetated
habitats (Marba and Duarte, 1998; Malm, 2006). Rapid growth and encroachment are
major problems with invasive species as they can displace native plants and animals, shift
trophic patterns and food webs, and interrupt many functions of the habitat and surrounding
organisms. Since H. stipulacea has a wide range of suitable conditions, it is more likely to
tolerate various depths and salinities, especially in our changing environment. The loss of
native seagrass species, like Thalassia testudinum, due to anthropogenic stressors could
facilitate the further expansion of H. stipulacea. Therefore, it is important to understand
the differences in the morphology and function of the two seagrasses, as well as their
influence on ecosystem services, to determine the overall impact H. stipulacea can have
on tropical communities.
The seagrasses, Halophila stipulacea and Thalassia testudinum, vary greatly in
morphology, which suggests differences in how these species function and influence
community structure. Halophila stipulacea, for example, has a shallow root and rhizome
system and blades of roughly 5 cm (den Hartog et al., 1970; Ruiz and Ballantine, 2004;
Vera et al., 2014). Thalassia testudinum, on the other hand, has much longer blades that
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can reach up to 30 cm, and the long blades and vertical growth allows for more successful
refuge as its able to protect and support a vast diversity of species (Tomlinson, 1972).
Additionally, the deeper root structure of T. testudinum also allows for better stability,
growth, and enhanced trapping of particles than a shallow root structure (Fonseca and
Fisher, 1986; Lavery et ah, 2013). The presence of an alien seagrass in areas with
established T. testudinum beds can cause alterations in trophic patterns, grazing rates, and
species distribution.
Given the important role of seagrass communities in coastal areas, the introduction
of a rapidly expanding invasive seagrass poses serious questions that need to be addressed
in order to understand how this invasive can impact tropical communities. First, has
Halophila stipulacea expanded to the south side of St. John? Additionally, does H.
stipulacea serve as a food source for herbivorous fish, like S. radians? How does the
amount of grazing on H. stipulacea compare to grazing on dominant, native seagrasses like
T. testudinum? In order to address these questions, observations, in situ experiments, and
laboratory experiments were conducted to assess the impacts H. stipulacea may have on
grazing patterns and food webs. Therefore, determining the magnitude of grazing within
these seagrass beds provide insight to how these different seagrass beds function.
Consequently, I wanted to address the following research objectives:
1.

Identify the invasion and expansion of Halophila stipulacea along the south side of

St. John, USVI.
2.

Assessment of the leaf structure between H. stipulacea and T. testudinum.

3.

Determine the preferred food choice of Sparisoma radians by comparing grazing

on the native seagrass Thalassia testudinum, and invasive seagrass Halophila stipulacea.
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2. Materials and Methods
2.1 Study Location
The island of St. John in the United States Virgin Islands (USVI) is partially
incorporated in a United Nations Educational, Scientific, and Cultural Organization
(UNESCO) Biosphere Reserve. The UNESCO Biosphere Reserve provides protection for
many of the ecosystems on St. John, however, many systems still face coastal degradation
from increased human activity. Research was conducted primarily within Great Lameshur
Bay (18.3148° N, 64.7229° W) and Little Lameshur Bay (18.3154° N, 64.7274° W) along
the south side of the island (Figure 1). Data were collected during three separate time
periods: July 2015, January 2016, and July 2016.

Figure 1: Map of St. John, USVI: This depicts sites of research in St. John, where research was conducted
in Little Lameshur Bay (LLB) and Great Lameshur Bay (GLB).
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2.2 Invasion and Expansion of Halophila stipulacea
Seagrass species T. testudinum and H. stipulacea were collected from various sites
and used for experiments and analysis in both a laboratory and field setting. Since T.
testudinum is abundant around the entire island, seagrass beds were easily located for
observation and in situ analysis. The majority of T. testudinum was collected within Great
and Little Lameshur Bays. Conversely, Halophila stipulacea had to be located around the
island and was documented for expansion and collected. In July 2015, observational
surveys were conducted around the island by snorkeling in 2-3m in depth in different bays
and taking note of seagrasses present. Blades of the invasive were collected from Coral
Bay, a location inhabited by H. stipulacea, and was used for observational purposes to
determine whether any grazing was occurring on this seagrass. In January 2016 and July
2016 observational surveys were also conducted to determine whether H. stipulacea had
expanded into the south side of the island. When the invasive expanded into Lameshur Bay
blades were collected in 2-3m depth from Great and Little Lameshur for experimental use.

2.3 Assessment of the Leaf Structure between Halophila stipulacea and Thalassia
testudinum
To assess morphological differences between the two seagrass species, seagrass
blades were collected during July 2016 to determine the ratio between surface area and
biomass (leaf mass per area=LMA) for both T. testudinum and H. stipulacea. 200 blades
of each seagrass species were collected from Great and Little Lameshur Bay, each blade
was randomly taken from different seagrass patches to account for any variation in
population. Each blade was photographed for surface area analysis by ImageJ 1.49v
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(Wayne Rasband, 2015). A camera was mounted 30.48 cm above a plain white background
and seagrass blades were photographed with a known scale of 1cm. Images were uploaded
to a computer where surface area was calculated using ImageJ. Blades were then dried for
3 hours at 115 °C, and weighed. Blades of each species were pooled into groups of 10, this
was because a single blade was too light to weigh individually so grouping them by 10
allowed for a more accurate measurement. The surface area of the 10 blades were summed
for a total surface area and regressed against dry mass to determine the LMA ratio.

2.4 In situ (Quadrat) Grazing Assessment
To quantify grazing in T. testudinum and H. stipulacea seagrass beds in Great
Lameshur and Little Lameshur Bay, a 30 cm x 30 cm (0.09m2) quadrat divided into 9 equal
subgrids was used to collect data (Figure 2). Seagrass beds were sampled between 0.5-3m
deep in both Great Lameshur and Little Lameshur Bays. Quadrats were haphazardly tossed
within continuous seagrass beds. To assess grazing potential, blades were cut at the
sediment surface from the middle subgrid (10cm x 10cm), placed in zip lock bags, and
brought back to the lab for analysis. Blades and bite marks were counted for each quadrat
sample collected. In July 2015, 35 samples were collected in Little Lameshur Bay and 20
in Great Lameshur Bay. These samples only reflect T. testudinum, because H. stipulacea
was not observed during this sampling event. In January 2016,10 quadrats of T. testudinum
were completed in Little Lameshur Bay and 10 in Great Lameshur Bay, with one quadrat
of H. stipulacea taken in each bay. This was the first confirmed established H. stipulacea
beds in these bays. In July 2016, to assess natural grazing of H. stipulacea samples were
taken in both monospecific species beds and mixed H. stipulacea and T. testudinum beds.
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A total of 13 quadrats of H. stipulacea were completed in Great Lameshur Bay, and a total
of 8 quadrats were completed of T. testudinum in a T. testudinum bed. A total of 16 quadrats
were also taken in a bed mixed with T. testudinum and H. stipulacea in Great Lameshur
Bay.
From the collected quadrats, each blade was counted, along with the number of
bites on each blade. The total number of blades bitten were counted and the total bites were
summed to calculate the estimated number of bites per bitten blade. The percent of blades
with bite marks was also calculated to determine a relative estimate of preferred seagrass
within a given quadrat. These collected quadrats provide quantitative values for grazing,
however, these data may be considered conservative. Heck and Valentine (2006) suggest
that most field experiments on grazing tend to be an underestimate of actual grazing values;
it does, however, provide comparative data for analysis of grazing on both seagrasses.
An ANOVA was conducted to examine a relationship between bites per blade and
percent of blades bitten of all quadrats based on type of bed the quadrat was taken from
(n=98). Bites per blade and percent of blades bitten were used as the dependent variables
against site and seagrass species for the independent variables.

Figure 2: Quadrat in a turtle grass bed, Thalassia testudinum.
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2.5 Laboratory Observed Grazing on Halophila stipulacea and Thalassia testudinum
In January 2016, choice grazing experiments were conducted to assess the
preference of the bucktooth parrotfish on H. stipulacea and T. testudinum in a controlled
setting. Grazing experiments were conducted in 45.72cm x 76.2cm x 30.48cm tanks, which
held 106 liters of water (Figure 3) in a filtered flow through water system using ambient
bay water from Great Lameshur Bay. Tanks contained rocks to provide structure and refuge
for fish during the experiment.
Bucktooth parrotfish (Figure 4) were collected in 30.5 cm metal minnow traps with
a 2.54 cm opening. After initial collection, fish were held overnight, and observed for any
behaviors which would have indicated stress in compliance with an approved IACUC
Protocol (Bologna 2015-029 and renewal). Either 2 or 3 S. radians were then introduced
to the tanks, depending on how many were captured, and allowed at least 30 minutes to
acclimate before starting the grazing experiments. To assess grazing preference, two 0.5 m
lead lines with 3 clothes pins attached on each were placed in the tank. Each pin had 3-6
blades of a single seagrass species. Clothes pins were placed on the lead lines alternating
between T. testudinum and H. stipulacea. Prior to placement, the blades from each clothes
pin were digitally photographed in the manner described earlier to determine the surface
area presented. Grazing trials ran for approximately 6.5 hours during the day, as S. radians
grazing is most active during high daylight hours (Lobel and Ogden, 1981). Six
experimental trials were conducted based on the number of fish available to conduct the
experiment. At the completion of the feeding experiment, clipped seagrass blades were
removed from the tank and the tank was inspected for any floating blades. Clipped blades
were then re-photographed to calculate surface area, and the difference between pre-trial
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surface area and post-trial surface area was used as the calculated area consumed during
the experiment. Additionally, the relative difference in surface area was used to calculate
the percent consumption of each seagrass. Grazing was then standardized per fish by
dividing the total area consumed by the number of S. radians introduced into each tank
experiment (either 2 or 3). Grazing values per individual fish in all tanks were averaged
together to get values for an overall analysis.

Figure 3. Design of tank experiments

Figure 4. Bucktooth Parrotfish, Sparisoma
radians

Paired t-tests were used to determine whether there were differences in grazing on
two seagrasses. These tests were performed for biomass of seagrass consumed, total
surface area consumed, and percent surface area consumed (n=6).

2.6 Experimental Field Quantification of Grazing on Thalassia testudinum and
Halophila stipulacea
A series of in situ grazing experiments were conducted in July 2015, January 2016
and July 2016 using similar methodology to Kirsch et al. (2002). Specifically, a 10m lead
line was marked every lm and placed in the field. Clothes pins were used to attach 3
unbitten T. testudinum blades at lm intervals along the lead line. Prior to deployment,
blades were photographed and images were uploaded to ImageJ to assess surface area.
18

After 24-hours the blades were collected and analyzed for bite marks. The number of
visible bite marks were counted and totaled, along with total number of blades bitten. From
this, bites per blade was then calculated for each clip. Figure 5 shows an example image of
a replicate of Thalassia testudinum before deployment and the image edited on ImageJ.

Figure 5. Thalassia testudinum images from tethered lead line experiments. Image on the left (in color)
is the original photograph before deployment. The image on the right (black and white) shows the image
adjustment through ImageJ software for surface area

Grazing experiments were completed using only tethered Thalassia testudinum
placed in a turtle grass bed in Great Lameshur Bay during July 2015 and January 2016, but
in July 2016 both seagrasses were tethered in both seagrass beds. A total of 12 lead line
trials were conducted in July 2015 and 6 lead lines in January 2016. However, each clip
can be considered an individual replicate giving a total of 120 sampling units (n=120) in
July and 60 replications (n=60) in January. Each individual sample was assessed for
percent of blades consumed in a 24-hour period and average bites per blade. Only data
from the January lead lines were analyzed for surface area.
Similar experiments were conducted in July 2016, however, lead lines were slightly
altered since H. stipulacea beds were much smaller in length than T. testudinum beds. Four
4.5m lead lines were used and marked every half meter for a total of 8 clips, and clips
19

alternated between H. stipulacea and T. testudinum blades. One lead line was placed within
a T. testudinum bed, one placed within a H. stipulacea bed and two lead lines were placed
in a grass bed containing both species of seagrass. The methodology for collecting and
deploying lead lines remained the same for all lead lines completed in July 2016. This gave
a total of 32 replicates (n=32) in an H. stipulacea bed, or 16 replicates of tethered H.
stipulacea and 16 replicates of tethered T. testudinum. Similarly, 32 replicates (n=32) were
conducted in a T. testudinum bed, or 16 replicates of H. stipulacea and 16 replicates of T.
testudinum. Lastly, 32 replicates were placed in seagrass beds mixed with both H.
stipulacea and T. testudinum, with a total of 16 replicates of T. testudinum (n=16) and 16
replicates of H. stipulacea (n=16).
In all lead line experiments photographs were taken before and after the experiment,
with using the same approach as images taken for tank experiments. Surface area was also
calculated in January and July 2016 to account for total surface area consumed and percent
of total surface area consumed.
A 2-way ANOVA with grass bed type (T. testudinum monospecific bed, H.
stipulacea monospecific bed, and mixed beds) and potential food (T. testudinum or H.
stipulacea) was completed to compare the amount of grazing that occurred in different
seagrass beds for data collected during January and July 2016. Statistical analyses were
performed using total surface area consumed, percent surface area consumed, total biomass
consumed, bites per blade, and percent of blades with bites as dependent variables against
tethered seagrass species as the independent variable (N=252).
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3. Results:
3.1 Observational Analysis of Halophila stipulacea
During this multi-year investigation H. stipulacea has expanded throughout the
unvegetated regions of both Great Lameshur Bay and Little Lameshur Bay that was
previously uninhabited by the invasive seagrass (Willette et al., 2014). Previous research
by Willette et al. (2014) has described H. stipulacea as occurring in multiple bays on the
North and East side of St. John including Leinster Bay, Hurricane Hole (Otter Creek),
Mennebeck Reef, and Haulover Bay. In addition to these locations, H. stipulacea was
observed in other sites around St. John including; Leinster Bay (Waterlemon Cay),
Newfound Bay, Coral Bay, Great Lameshur Bay, and Little Lameshur Bay. Between July
2015 and January 2016, H. stipulacea expanded into Great Lameshur and Little Lameshur
Bay. In Great Lameshur, beds of H. stipulacea roughly 5-20m2 in size were located in
previously unvegetated, sandy patches next to T. testudinum beds. In Little Lameshur, a
single H. stipulacea bed was found in a sandy area, isolated from T. testudinum beds, but
in close proximity to a mooring buoy. By July 2016, H. stipulacea was abundant in deeper
parts of Great Lameshur Bay (>3m), and surrounded T. testudinum beds on the western of
the bay. In Little Lameshur Bay, H. stipulacea beds expanded throughout the unvegetated
area within the middle of the bay and began to expand within the edges of T. testudinum
beds. Usually H. stipulacea is only found in monospecific beds or sometimes integrated
with manatee grass (Willette and Ambrose, 2009; Willette et al., 2012). Therefore, these
observations suggest a rapid expansion of H. stipulacea and active growth into existing
native seagrass beds.
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3.2 Assessment of the Leaf Structure between Halophila stipulacea and Thalassia
testudinum
A total of 200 blades of T. testudinum and 200 blades of H. stipulacea were used
for biomass analysis for LMA. The dry weight per tin (sum of 10 blades) of T. testudinum
ranged from 0.23 g to 0.59 g. The total surface area per tin ranged from 51.474 cm2 to
120.745 cm2. For H. stipulacea the total dry biomass per tin ranged from 0.04 g to 0.13 g,
and surface area ranged from 19.625 cm2 to 37.753 cm2. When the total surface area, was
regressed relative to the total dry biomass of each seagrass, results demonstrate a positive
relationship between dry biomass and surface area (Figure 6). Both seagrasses show a
similar trend, however, T. testudinum shows a significant relationship between surface area
and mass while H. stipulacea did not (F(i,i8)=40.18, P=5.66 x 10'06’R2= 0.69; F(i,i8)=l.88,
P= 0.18, R2=0.094 respectively). These equations were standardized (mg/cm2) to calculate
leaf mass per area (LMA) to directly assess consumption for grazing experiments. For
Thalassia testudinum there was an average LMA of 48 g/m2, and for Halophila stipulacea
there was an average LMA of 29 g/m2. This documents that there would be substantially
greater biomass consumed of T. testudinum per bite than H. stipulacea.
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Figure 6: Surface Area (cm2): Total Dry Mass (g) of Halophila stipulacea and Thalassia testudinunv. A
total of 200 blades of each seagrass (H. stipulacea and T. testudinum) were collected throughout Great and
Little Lameshur Bay in St. John. Blades were photographed and run through ImageJ for surface area analysis
and blades were weighed and dried. Each point represents data for a tin (sum of 10 blades).

3.3 In Situ (Quadrat) Grazing Assessment
Quadrats from July 2015 and January 2016 show that grazing was relatively similar
with about 50% of the T. testudinum blades bitten and around 5 bites per blade in both
Great and Little Lameshur Bay (Table 1). Additionally, there was some grazing of H.
stipulacea observed in January 2016 in the two small plots sampled (Table 1). However,
in July 2016 an approximate 60% reduction in grazing was observed compared to early
sampling periods (Table 1). These data show that T. testudinum, was grazed more, and
greater overall grazing occurred in mixed beds on both species (Table 1).
Statistical analyses indicate T. testudinum is grazed on significantly more than H.
stipulacea, regardless of which bed the seagrass is in. The proportion of grazing (percent
of blades bitten) was not significantly different between Great and Little Lameshur Bay
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(F(i,94)=0.10, P=0.7538). However, S. radians consumed a significantly higher percentage
of T. testudinum in both bays (F(i,94)=5 1.02, P< 0.0001). Similarly, there was no significant
effect of location on bites per blade consumed o f each seagrass (F(i,94)=3.08, P=0.0823),
but the number of bites per blade was significantly higher on T. testudinum than H.
stipulacea (F(i,94)=30.27, P 0.0001; Table 1).
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Table 1: In situ Grazing (Quadrat) Assessment: Quadrats of 0.09m2 from July 2015
January 2016, and July 2016.
Date

Bay

Seagrass
Collected

Seagrass Bed

Bites per
Blade

Percent of Blades
with Bites

July
2015

Great
Lameshur

Thalassia
testudinum
n=20

Thalassia
testudinum

7.27

54.05%

July
2015

Little
Lameshur

Thalassia
testudinum
n=35

Thalassia
testudinum

5.44

54.39%

January
2016

Great
Lameshur

Thalassia
testudinum
n=10

Thalassia
testudinum

4.19

52.7%

January
2016

Little
Lameshur

Thalassia
testudinum
n=10

Thalassia
testudinum

4.91

56.87%

January
2016

Great
Lameshur

Halophila
stipulacea
n=l

Halophila
stipulacea

4.93

29.6%

January
2016

Little
Lameshur

Halophila
stipulacea
n=l

Halophila
stipulacea

1.0

5.5%

July
2016

Great
Lameshur

Thalassia
testudinum
n=16

Thalassia
testudinum

2.81

18.72%

July
2016

Great
Lameshur

Halophila
stipulacea
n=13

Halophila
stipulacea

1.21

2.46%

Thalassia
testudinum
n=16

Mixed
Thalassia/
Halophila

5.60

20.34%

Halophila
stipulacea
n=16

Mixed
Thalassia/
Halophila

1.70

2.40%

July
2016

Great
Lameshur
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3.4 Laboratory Observed Grazing on Halophila stipulacea and Thalassia testudinum
Herbivory experiments indicated that more total surface area of T. testudinum
(12.09 cm2) was consumed than H. stipulacea (6.67 cm2), however, grazing was not
significantly different between the two seagrasses (t(5)= 2.24, P=0.075). When data were
normalized to assess the relative percent area consumed, results showed that more H.
stipulacea was consumed (19.38%) than T. testudinum (14.56%). While these results did
not show any significant difference between the species (t(5)=-1.48, P=0.19), it suggests
that S. radians may engage in compensatory feeding on H. stipulacea (Table 2). However,
when the calculated LMA for each seagrass was applied to surface area consumed,
significantly more T. testudinum biomass was consumed compared to H. stipulacea
(t(5)=3.37, P=0.019).

Table 2: Laboratory Choice Experiments: Surface Area Analysis and Biomass
Consumption: This table represents surface area and percent surface area consumed
averaged between 6 total tank trials (n=6).
Seagrass
Choice

Average Surface Area
Consumed (cm2) per
individual ± SD
ns

Percent Surface Area
Consumed (x) per
individual ± SD
ns

Biomass Consumed
(mg)
(x)
per
individual ± SD
(p<0.02)

Thalassia
testudinum

12.09± 5.81

14.56± 7.13

58.032± 0.028

Halophila
stipulacea

6.67± 2.19

19.38+ 7.16

19.343± 0.006
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3.5 Experimental Field Quantification of Grazing on Halophila stipulacea and
Thalassia testudinum

Initial field herbivory experiments used 120 replicate clips of T. testudinum deployed
in July 2015 and 60 replicates in January 2016. Percent of blades bitten and bites per blades
were relatively similar in July 2015 and January 2016 (Table 3). Analysis of surface area
consumed was not completed for July 2015 because images were not taken properly to be
analyzed by the computer software. However, surface area analysis in January 2016
indicates that about 0.091 cm2, or 0.434 mg of T. testudinum biomass, was consumed per
blade in a 24-hour period (Table 3).
Field experiments in July 2016 compared herbivory of T. testudinum and H.
stipulacea in monospecific H. stipulacea, monospecific T. testudinum, and mixed beds of
both species. Results showed a higher percentage of T. testudinum was consumed overall
indicating a direct preference for this species (Table 3), but surface area and biomass
consumption was much higher in January 2016 than in July 2016. Results from July 2016
directly depicts low overall grazing in H. stipulacea beds compared to beds where T.
testudinum was present (Figure 7). In general T. testudinum was grazed on more frequently
(% blades bitten) with greater biomass consumed, with the exception of H. stipulacea
tethered in T. testudinum beds, where greater surface area was consumed compared to T.
testudinum. This may indicate diet variability and compensatory feeding by S. radians.
When grazing was analyzed results indicates T. testudinum is grazed on
significantly more than H. stipulacea, regardless of which bed the seagrass is in. There was
significantly more surface area consumed in T. testudinum beds than in H. stipulacea or
mixed seagrass beds (F(2,246)=4.39, P<0.02). There was also significantly higher percent of
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blades bitten in T. testudinum beds (F(2,246)=6.69, P<0.002) regardless of seagrass species,
however, there was significantly greater percent of blades bitten on T. testudinum over the
invasive (F(i,2 4 6 )—16.55, PO.OOOl). Similarly, there was significantly more bites per blade
on seagrass in T. testudinum beds (F(2,246)=5.86, P<0.004), and significantly more bites per
blade on T. testudinum than H. stipulacea (F(i,246)=7.26, P<0.05). Lastly, when looking at
biomass consumption, there was significantly more biomass consumed of T. testudinum
(F(i,246)=4.43, PO .04).
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Table 3: Grazing Values for Field Experiments: This table includes all of the average
values for lead line experiments in July 2015, January 2016, and July 2016 including
percent of blades bitten, bites per blade, surface area consumed, percent of seagrass
consumed. Biomass values were calculated by multiplying surface area consumed by
LMA (g/m2) of seagrass, giving us a total weight of seagrass consumed. All values are
averages per clip.

Location of Seagrass
Lead Line
Tethered

Percent of Bites
Blades
per
with Bites Blade

Average
Surface
Area
Consumed
(cm2)

Percent
Biomass
Surface Area
Consumed
Consumed
(
m g)
from Blade

In Thalassia
testudinum
(July, 2015)

Thalassia
n=120

2 8 .1 9

1.62

N /A

N /A

N /A

In Thalassia
testudinum
(Jan, 2016)

Thalassia
n=60

2 4 .0 3

1.31

0 .0 9 1

1.1 2

0 .4 3 4

5.21

0 .4 7

0 .0 0 5

0 .1 4

0 .0 1 4

8 .3 3

0 .2 6

0 .0 0 7

0 .0 9

0 .0 3 2

5.21

0 .3 4

0 .0 2 9

0 .9 9

0 .0 8 6

1 9 .7 9

0 .9 7

0 .0 1 6

0 .1 9

0 .0 7 6

3 .1 2

0 .0 6

0.001

0 .0 4

0 .0 0 4

1 5 .6 2

0 .7 2

0 .0 3 6

0 .4 7

0 .1 7

Halophila
In Halophila
n=16
stipulacea
(July 2016)
Thalassia
n=32
n=16

In Thalassia
testudinum
(July 2016)
n=32

In Mixed
Bed
(July 2016)
n=32

Halophila
n=16
Thalassia
n=16
Halophila
n=16
Thalassia
n=16
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Figure 7a: Quantification of Grazing through Field Experiments July 2016: Surface Area
Consumption: Stacked graph representing average surface area consumption in different seagrass habitats
(monospecific T. testudinum, mixed T. testudinum and H. stipulacea, and monospecific H. stipulacea)
during lead line, field experiments July 2016.

Figure 7b: Quantification of Grazing through Field Experiments July 2016: Biomass Consumed per
Day: Stacked graph representing the average biomass consumption in different seagrass habitats
(monospecific T. testudinum, mixed T. testudinum and H. stipulacea, and monospecific H. stipulacea) during
lead line, field experiments July 2016.
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4. Discussion
An important question that arises when understanding and managing invasive
species is what are the ultimate impacts this invasive species will have on native flora and
fauna? Since grazing is an essential aspect in seagrass ecology, it is important to understand
and compare the grazing patterns on native versus nonnative species. When comparing the
morphology of T. testudinum and the invasive H. stipulacea, there are clear differences in
the size and shape of the blades, the depth of the roots, and the thickness of the blades.
Since T. testudinum blades are thicker and their roots are much deeper than that of H.
stipulacea, these differences can influence their grazing potential, as well as their ability to
expand and provide ecosystem services. The seagrass’ ability to support different
organisms can vary depending on the size of blades and the processes the seagrass provides.
For example, taller and wider blades have a higher potential to act as a refuge for fish and
other organisms and they are also more capable of buffering water movement and stopping
particles in the water column, reducing turbidity and increasing light attenuation (Fonseca
and Fisher, 1986, Attrill et al., 2000; Hori et al., 2009; Lavery et ah, 2013). The smaller
blades of H. stipulacea may not protect fish, like Sparisoma radians, compared to the
blades structure of T. testudinum. The larger T. testudinum blades may also provide greater
surface area for epiphytes, increasing trophic resources for grazers like S. radians who
prefer epiphytized blades (Lobel and Ogden, 1981; Attrill et ah, 2000; Hori et ah, 2009).
However, Willette and Ambrose (2012) discovered that compared to another native
Caribbean seagrass, Syringodium fdiforme, H. stipulacea supported a greater number of
larger fish, but didn’t support even half the number of juveniles that the native seagrass
did. This may be because H. stipulacea could be more productive than S. fdiforme; H.
stipulacea's wider and flatter shaped blades provide more surface area, resulting in higher
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epiphyte abundance, compared to the thin blades of S. filiforme (Willette and Ambrose,
2012). While this may be true, the reduced habitat value for small fish suggest that H.
stipulacea is a poor replacement for native seagrasses.
Field grazing results indicated that T. testudinum is a preferred food choice for S.
radians, even though, H. stipulacea is being grazed (Table 1). Quadrats in January 2016
indicated that more T. testudinum blades showed signs of grazing than those of the invasive
species. However, more bites per blade were found on H. stipulacea, suggesting that when
fish encountered the invasive seagrass, they consumed more surface area of it. This may
demonstrate compensatory feeding by S. radians in which the fish will take more bites to
compensate for the lower biomass (Stachowicz and Hay, 1999). Grazing on H. stipulacea
was overall lower than on native T. testudinum in all of these assessments and experiments.
The morphology and LMA suggest a difference in biomass and nutritional value, and the
results of leaf structure assessment confirms these differences. The leaf assessment in
indicates that T. testudinum has greater LMA than H. stipulacea (Figure 6) and this would
explain why S. radians prefer T. testudinum, because it may maximize energy input for
each bite of T. testudinum.
Intriguingly, results from July 2016 quadrats showed a similar grazing pattern but
showed a 60% reduction in herbivory (Table 1). This could be due to the interconnectivity
and development of mixed T. testudinum beds and H. stipulacea seagrass beds as the
invasive has spread into once continuous T. testudinum beds. In January 2016, the H.
stipulacea beds were more isolated, but by July 2016 they had begun to mix together. The
coalescence of beds may have maintained the relative grazing, but would not explain the
substantial reduction in overall grazing. July 2016 quadrats also revealed that both T.
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testudinum and H. stipulacea was consumed more in beds with both seagrass species, rather
than monospecific seagrass beds (Table 1). This is similar to the findings of Lobel and
Ogden (1981) in which S. radians was more successful with access to multiple food
sources, rather than a single plant.
When the feeding preference was assessed in a controlled laboratory setting, similar
results were obtained. There was a tendency for S. radians to consume a greater percentage
of H. stipulacea, but even so, they consumed a greater surface area and biomass of T.
testudinum (Table 2). These results support the contention of compensatory feeding by S.
radians, but it is critical to link these laboratory experiments with quantified field
observations. Similar to the results found in the quadrat assessment, a higher percentage of
H. stipulacea was consumed indicating that a higher proportion of this seagrass was eaten
by S. radians, relative to its blade size.
During field grazing experiments, grazing was significantly higher on T. testudinum
during field lead line experiments, regardless of which type of seagrass bed it was in (Table
3). Previous studies indicate that S. radians has an overall preference for T. testudinum
(Lobel and Ogden, 1981; Goeker et al., 2005; Holzer et al., 2013), so it was not surprising
to see higher grazing on this seagrass in the present study (Table 3). In H. stipulacea beds,
grazing was significantly lower on both seagrasses, and might reflect a reduction in total
fish abundance, similar to the results shown by Willette and Ambrose (2012) who
demonstrated a substantial reduction in small fish in H. stipulacea compared to native
seagrass species. However, in both monospecific and mixed beds where T. testudinum was
present, there was much higher consumption, suggesting that T. testudinum represents not
only a food source, but also a fundamental habitat. However, the highest relative
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consumption of H. stipulacea occurred in monospecific T. testudinum beds where greater
surface area was consumed, but biomass of T. testudinum and H. stipulacea was relatively
the same (Figure 7). This directly suggests that S. radians uses compensatory feeding on
H. stipulacea. Surprisingly, little to no H. stipulacea was consumed in the mixed beds,
which could reflect preferential feeding on T. testudinum within seagrass beds where an
abundance of an alternate food resource exists (Figure 7).
Flowever, in situ assessments and experiments also showed a decrease in herbivory
on both H. stipulacea and T. testudinum in July 2016, when H. stipulacea was more
established (Table 1 and 3). It could be that the fish have learned that H. stipulacea is not
a sufficient food source, so they are decreasing the amount of grazing on it. However, that
does not explain the decrease in grazing on native seagrass. What can be inferred from
these data is that lower grazing within H. stipulacea and T. testudinum beds, could be due
to a reduction in the number of S. radians, simply because the invasive seagrass is driving
these individuals out. Halophila stipulacea may not be able to support as many organisms
as T. testudinum because the smaller aboveground biomass may not act as sufficient refuge
for grazers and juvenile fish, especially compared T. testudinum (Heck and Orth, 1980;
Stoner, 1983; Bell and Westoby, 1986). Unfortunately, quantification of S. radians
population density is extremely difficult as their diminutive size and diving behavior into
seagrass beds does not allow for easy assessment. Between the expansion of the invasive
into native seagrass beds and the differences in LMA, morphology, and changes in
ecosystem services, H. stipulacea may be indirectly driving out vital herbivores, like S.
radians. Therefore, H. stipulacea is not only affecting grazing by S. radians, but may also
be shifting population structure of these fish in native seagrass beds.
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The results of this study identified that S. radians prefers T. testudinum over the
invasive, H. stipulacea. However, grazing on H. stipulacea is still occurring within St.
John, but the reason for in situ grazing on the invasive seagrass is still unknown. Therefore,
grazing on this macrophyte could be due to a number of factors. Experiments by Goeker et
al. (2005) indicate that S. radians choose food based on gustation, from which they can
determine if a food has higher nitrogen content after sampling. Gustation can explain why
bites marks were visible on H. stipulacea blades, because the fish sampled the blades to
assess nutritional quality. Isotope analyses on both T. testudinum and H. stipulacea indicate
that T. testudinum is more nutritionally valuable with higher nitrogen and carbon content
(%N=2.31, %C= 33.89) compared to H. stipulacea (%N= 1.66, %C= 28.36) (Bologna,
Unpublished Data). Grazing on H. stipulacea could also be due to mistaken identity. For
example, green sea turtles graze on T. testudinum, making blades shorter and increasing
nitrogen content (Heck and Valentine, 2006), and the cropped blades look similar to H.
stipulacea. It has been determined that S. radians chooses food based on nutritional value,
and prefers food with higher N content (Goeker et al. 2005; Heck and Valentine, 2006;
Holzer et al. 2013). Therefore, S. radians may have mistaken H. stipulacea for cropped T.
testudinum.
Conversely, Lobel and Ogden (1981) concluded that S. radians required a mixed
diet of seagrasses and algal species for survival and success, rather than consuming a single
plant species. This means that fish may prefer the higher energy plant, in this case T.
testudinum, however, they also consumed lower energy plants. Thus, grazing on H.
stipulacea in mixed beds seen in the field assessments and experiments (Table 1 and 3)
could be supported by the mixed diet hypothesis of Lobel and Ogden (1981).
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With the continuing and increasing loss of seagrass globally (Orth et al., 2006), T.
testudinum is vulnerable to decline. From these experiments, it is difficult to conclude the
effect H. stipulacea will have on native seagrass communities and trophic webs. However,
the loss of native seagrasses through anthropogenic impacts could result in simple
replacement by the invasive seagrass H. stipulacea.
However, since S. radians still grazes on this seagrass, it is possible that the
expansion of H. stipulacea could be somewhat controlled by active foraging of these fish.
Fish tend to have a lesser effect on climax species, however, their consumption of pioneer
species could control and limit their expansion (Mariani and Alcoverro, 1999; Vera et al.,
2014). Since H. stipulacea is considered to be a pioneer species, S. radians could help
control its growth (Mariani and Alcoverro, 1999), but clearly this is not occurring as H.
stipulacea continues to expand at an alarming rate (Willette and Ambrose, 2012). However,
the presence of this “new” seagrass in unvegetated areas could also be beneficial (Vera et
al., 2014), as it can increase primary production and act as new habitat for organisms,
especially if native seagrass species are expected to decline. My results indicate that H.
stipulacea can act as a food source, and it could also contribute to primary production, but
the value of its ecosystem services is unknown. Its substantial differences in morphology
and lack of belowground biomass and structure likely indicates that these services would
be far less than that of T. testudinum. Consequently, its increasing spread and domination
most likely will result in a degraded community. Therefore, management strategies should
focus on slowing its spread and removal from infested sites.
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5. Conclusion:
Understanding grazing patterns on this invasive seagrass could further indicate the
impacts it could have on native seagrass habitats and trophic structures. Overall, T.
testudinum is the preferred food source by S. radians. However, it is clear that the invasive
H. stipulacea is being consumed by S. radians, a dominant grazer on Caribbean seagrass.
With the continued and rapid expansion of this invasive species, there are clear shifts in
herbivory on native seagrasses as well. This could infer that H. stipulacea could cause
shifts in grazing patterns, community structure, and habitat use in Caribbean systems.
Future research should be done to consider other impacts H. stipulacea is having on
native seagrass, especially one as essential as T. testudinum. Carbon storage, for example,
is an ecosystem service that seagrass provides. They can even store up to 10% of the
world’s organic carbon in their sediments (Fourqurean et al., 2012). The loss of seagrass is
resulting in the release of stored carbon. Since seagrass loss is rising, carbon levels will
continue to rise as well (McLeod et al., 2011). One aspect to this invasion of H. stipulacea
would be to analyze its ability to store carbon in comparison to other native seagrasses in
the Caribbean like T. testudinum or S.filiforme. It is also important to analyze the rate at
which H. stipulacea is expanding and whether it will take over or shift expansion of native
seagrasses, like T. testudinum. Lastly, if we lose native seagrasses all together, it is essential
to understand H. stipulacea's ability to act as a dominant seagrass to minimize the overall
impact anthropogenic stressors have on our benthic habitats.
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